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ABSTRACT 
Small mammal microhabitat use and species composition at a wildlife crossing structure 
compared with nearby forest 
by 
Lindsay Smith Millward 
June 2018 
 
Abstract: Expanding transportation corridors have fragmented ecosystems throughout 
the world, restricting the movement of organisms or acting as complete connectivity 
barriers. Wildlife crossing structures (WCS) can increase the permeability of roads, 
allowing animals to move safely between habitats. Small mammals are especially 
vulnerable to the effects of reduced connectivity because of their limited mobility; 
however, few studies have evaluated their use of WCS. This study was conducted at a 
WCS under I-90 near Snoqualmie Pass, Washington. Our objective was to evaluate the 
small mammal species composition at the wildlife undercrossing in comparison to 
adjacent restoration sites and to the nearby forest. Additionally, we sought to evaluate 
small mammal preference for installed habitat features at all sites. We used live trapping, 
track tubes, and wildlife cameras to assess number of species, relative abundance, and 
habitat use. Our results indicated fewer species, and a greater abundance of generalist 
species, near the crossing structure than in the nearby forest. Small mammals showed no 
preference for any particular habitat features (rock piles, brush piles, fallen logs, or open) 
within the trapping grids, but were more likely to be captured near any feature than in 
open areas. Two years post-construction, the WCS contained a small subset of the species 
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in the nearby forest. We expect the number of small mammal species using the crossing 
structure to increase in the future as the habitat develops and creates an environment 
more supportive of rich biodiversity.   
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CHAPTER IV 
 
GENERAL INTRODUCTION 
 
Dispersal, the movement of organisms between habitat patches and the resulting 
gene flow, is vital for colonizing new habitats, maintaining genetic variation in 
populations, and supporting functioning food webs (Gibbs et al. 2010; Lynch et al. 2012). 
Increasing human population size and mobility via transportation corridors have fractured 
ecosystems in many areas of the world, consequently reducing the movement of animals. 
Traffic noise, lights, and other features of busy highways cause many species to avoid 
crossing, and connectivity is further reduced by mortalities caused from wildlife-vehicle 
collisions (Forman and Alexander 1998).  
Wildlife crossing structures (WCS) serve to help animals move safely across 
roads and are an effective tool for improving connectivity (Drennan et al. 1998). 
Although WCS are typically designed for large fauna, small mammals’ low body profile, 
limited dispersal, and small home ranges make them particularly vulnerable to mortality 
and other effects from roads. Few studies have evaluated the use of wildlife crossing 
structures and the specific factors that determine structure success for small mammals 
(Gilbert et al. 1998; Glennon et al. 2002; Martinig and Elanger-Smith 2016).  
Ecologists employ a variety of population sampling techniques to evaluate 
connectivity and road effects; this include use of wildlife cameras, live trapping and 
mark-recapture, translocation surveys, road kill databases, and other occupancy surveys. 
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However, many of these techniques are less effective at accurately detecting small 
mammals. For example, wildlife cameras, commonly used for sampling, are often 
positioned to more likely detect larger mammals, and road-kill databases are often 
inaccurate because small mammals are not reported, quickly decompose, or are 
scavenged (Hoffman et al. 2010). A comprehensive analysis of the effectiveness of WCS 
must use a variety of different methods for detection of all the species in the environment.  
The forest ecosystem in the Cascade Range of Washington State is a prime 
example of an ecosystem fractured by a transportation highway (Interstate-90). Despite 
being a mountain road, this interstate highway has 31,000 vehicles passing through 
Snoqualmie Pass on an average day and more than 58,000 vehicles on a busy weekend 
day (Washington Department of Transportation 2016). Currently, the highway is being 
expanded in the I-90 Snoqualmie Pass East Project, which covers approximately 24 
kilometers of I-90. To address the effects on wildlife of increased traffic volumes, wider 
roads, and subsequently more frequent wildlife-vehicle collisions, Washington State 
Department of Transportation (WSDOT) has planned to build more than 30 wildlife 
crossing structures (WCS) of varying sizes and configurations (Wildlife Working Group 
2008).  
Specific aspects of crossing structures such as natural vegetation at entrances, 
natural substrates (soil, rocks, woody debris), and an open median increase structure 
effectiveness (D’Amico et al. 2015; Martinig and Elanger-Smith 2016). WSDOT 
intentionally designed its crossing structures to have these features. Additionally, a 
wildlife monitoring plan was developed to evaluate the effectiveness of these structures 
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by both high- and low-mobility species, including small mammals (Wildlife Working 
Group 2008).  
As indicators of healthy ecosystems, small mammals serve many important roles, 
functioning as prey species and dispersers of seeds and mycorrhizal fungal spores. 
Bushy-tailed woodrats (Neotoma cinerea) and flying squirrels (Glaucomys sabrinus) are 
known prey species for the endangered spotted owl, especially at higher elevations 
(Cutler and Hays 2016). Some small mammals, such as the northern flying squirrel, show 
preferences for mycorrhizal fungi; loss of these mycorrhizal dispersers could negatively 
affect the long-term function of coniferous forests, especially during recovery after a 
disturbance (Pyare and Longland 2001). Because of their central trophic position within 
the food web, small mammals can help us better understand the cascading effects of 
roads on ecosystems.  
The aim of this study was to evaluate the species composition of small mammals 
at the Hyak Wildlife Undercrossing located underneath I-90 and analyze what small 
mammals are using the undercrossing. Additionally, we sought to explore how small 
mammals were using the constructed habitat features in the undercrossing. The results of 
this study provide early post-construction data, offer a snapshot of crossing structure use 
by small mammals, and suggest habitat improvements for upcoming wildlife connectivity 
projects. 
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CHAPTER II 
 
LITERATURE REVIEW 
 
 
Metapopulation Theory 
Dispersal, the movement of organisms between habitat patches and the resulting 
gene flow, is vital for colonizing new habitats, maintaining genetic variation in 
populations, and supporting functioning food webs (Gibbs et al. 2010). Metapopulation 
theory describes landscapes as a collection of suitable habitat patches connected by 
migration, together establishing a network of organismal movement (Hanski 1998). The 
existence and persistence of metapopulations depends on the quality of habitat within 
each patch and inter-patch movement by individuals.  The inherent challenges to 
dispersal increase when the paths between patches become blocked or are no longer 
suitable for movement. If constraints to movement are persistent, then populations may 
become physically isolated and genetically homogeneous (Lynch et al. 2012). Ultimately, 
these isolated populations become vulnerable to the effects of inbreeding depression, 
increased competition, and limited gene flow, which can cause extinction and loss of 
biodiversity (Andrén 1994).  
Some local extinctions occur naturally via stochastic events concurrent with long-
term demographic changes in the population (Hanski 1998). However, extinction threats 
that are extrinsic, such as habitat loss, fragmentation, and other anthropogenic pressures, 
coupled with existing low population densities, can have longer-lasting deleterious 
consequences and prevent population recovery (Fischer 2001). Many predictions about 
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metapopulation trends rely on theoretical modeling, while the actual effects on a specific 
population remain largely unknown until extirpation can be observed by ecologists.  
Connectivity 
Movement across the ecological landscape is crucial for animals to forage, 
reproduce, and escape predation. One of the most significant types of animal movement 
is dispersal (Stoddart 1979). Dispersal is vital for maintaining population genetic 
heterogeneity, developing new subpopulations, and reducing overpopulation of occupied 
patches (Stenseth and Lidicker 1992; Lynch et al. 2012). Mate search, migration to and 
from overwintering sites, foraging, and movement triggered by changing habitat 
conditions are other causes of animal movement (Andrews et. al. 2015). Maintaining 
these spatial connections stabilizes populations, facilitates the flow of genes, and helps 
animals adapt to changing environments (Clevenger 2012).  
Ecological connectivity measures the ease of movement between suitable habitat 
patches (Rockwood 2006). Habitat fragmentation blocks connectivity because large 
swaths of continuous, suitable habitat are bisected by barriers to movement. 
Anthropogenic barriers, such as timber clear-cuts, housing developments, and roads, not 
only physically fragment landscapes, but also reduce the quality of the remaining habitat 
patches (Gomes et al. 2011; Ville et al. 2005). For example, the road-effect zone (the 
affected habitat adjacent to the road) has detectable changes in environmental conditions 
such as increased noise, light, temperature, and pollutants (Shanley and Pyare 2011; 
Andrews et. al. 2015). These disturbances can cause animals to be more vulnerable to 
predation, increase stress, and alter behavior. Therefore, to enhance connectivity we need 
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to restore ease of movement, but also improve the integrity of the habitat (Lacher and 
Wilkerson 2014).  
Two strategies for mitigating the effects of reduced connectivity caused by 
anthropogenic barriers are establishing wildlife corridors, and “stepping stones”. 
Corridors are continuous, often linear, stretches of habitat that facilitate movement of 
individuals from larger to smaller patches (Meffe et al. 2010; Aziz et al. 2016).  Stepping 
stones are small patches of restored habitat between larger suitable habitats. Wildlife 
corridors and stepping stones can help maintain connectivity for wildlife, especially those 
most vulnerable to the effects of habitat fragmentation (Saura et al. 2014).  
Small animals are especially vulnerable to the effects of habitat fragmentation and 
urbanization because of their small home ranges and limited dispersal. Small animals 
(mammals, amphibians, and reptiles) serve not only as prey species, but also as dispersers 
of fungal spores, resource competition among many other species, and consumers of 
vegetation (Gomes et al. 2011). Small animals are valuable contributors to the 
maintenance of healthy ecosystems, but their diversity is threatened by habitat 
fragmentation and rapidly expanding urban areas (Downs 2012).  
Washington Department of Transportation: I-90 Snoqualmie Pass East Project 
Interstate 90 is the longest interstate in the United States, and has its western 
terminus in Seattle, Washington. The highway runs west-east through the central half of 
Washington State and features a 921-m (3022 feet) mountain pass approximately 88.5 km 
(55 miles) east of downtown Seattle.  Despite this section of I-90 being a mountain road, 
I-90 has 31,000 vehicles passing through Snoqualmie Pass on an average day and more 
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than 58,000 vehicles on a busy weekend day (Washington Department of Transportation 
2016). By 2030 the traffic volume is expected to increase to 41,000 vehicles a day 
(WSDOT 2018). The increased traffic and safety concerns spurred WSDOT to develop a 
large-scale, long-term construction project aimed at widening lanes, repairing aging 
infrastructure, and redesigning the road to reduce unexpected closures caused by 
avalanches and rock slides.  
The Snoqualmie Pass East Project (SPEP) focuses on a 24-km (15-mile) stretch of 
Interstate 90 running through the Okanogan-Wenatchee National Forest. WSDOT, the 
United States Forest Service (USFS), United State Fish and Wildlife Service (USFWS), 
I-90 Wildlife Bridges Coalition, and other government agencies and NGO’s formed a 
collaborative partnership to develop SPEP into a project addressing the needs of the 
public, government, environment, and wildlife. The result was a ground-breaking project 
aimed at re-constructing I-90 to improve connectivity for both human transportation and 
wildlife. To meet these goals, WSDOT agreed to build more than 30 wildlife crossing 
structures in the project area, improve stream culverts for fish and aquatic animals, and 
monitor the environmental impact of I-90 (Wildlife Working Group 2008). A unique 
feature of this project was the construction of crossing structures not only for large, high-
mobility mammals, but also for small, limited-mobility animals such as small mammals, 
amphibians, reptiles, fish, and invertebrates (Wildlife Working Group 2008). This 
approach encompasses all aspects of a healthy ecosystem and promotes biodiversity.  
Small Mammal Natural History 
Small mammal species (those weighing less than 5 kg; Merritt 2010) are widely 
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adapted to fill a variety of niches worldwide. Smaller size has many advantages such as 
easier concealment from predators, the ability to use a variety of microhabitats, and a 
high fertility rate. Their high surface to volume area ratio causes a significant 
thermoregulatory cost which can be solved via a high metabolic rate and near constant 
food intake (Chappell 1980). Most small mammals have limited mobility and small home 
ranges (Harestad and Bunnel 1979). This study focuses on three orders of small mammal: 
Eulipotyphla, Lagomorpha, and Rodentia. These are all broad taxonomic groups, but here 
we provide some brief generalizations, characteristics, and the species in each order 
found in our study area. 
Eulipotyphla includes the families Soricidae (shrews), Talpidae (moles), 
Erinaceidae (hedgehogs), and Solenodontidae (solenodons). Members of this order can be 
found worldwide except for Australia and Antarctica; they are fossorial or terrestrial and 
are mostly nocturnal (Patsy et al. 2014). In our study area we expected to find 
Neurotrichus gibbsii (shrew moles) and Scapanus orarius (coast moles) within the 
Talipidae family. Shrew-moles can be found in the United States’ Pacific Northwest 
region and south into the western Cascade-Sierra Nevada Mountains. They live on the 
forest floor beneath the detritus layer (Dalquest and Orcutt 1942). Coast moles are found 
in many habitats in western Washington State and are primarily fossorial but have 
general habitat requirements (Hartman and Yates 1985). Shrews, the most abundant 
Eulipotyphla family, are voracious opportunistic insectivores with distinct long, narrow 
noses (Ciszek and Myers 2002). At least five species of shrews occur in the study area: 
Sorex cinereus (cinereus shrew), S. bendirii (marsh shrew), S.  vagrans (vagrant shrew), 
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S. trowbridgii (Trowbridge’s shrew,) and S, monticolus (montane shrew).   
Lagomorphs include two families: Leporidae (hares and rabbits) and Ochotonidae 
(pikas). Lagomorphs are all terrestrial herbivores and coprophages, meaning they produce 
a type of fecal material to be re-ingested for additional nutrient absorption (Myers and 
Sorin 2002). Member of this order are found worldwide, except for Australia and 
Antarctica, and occupy many habitats. Within the study area there are two lagomorph 
species; snowshoe hares (Lepus americanus) and American pikas (Ochotona princeps). 
Snowshoe hares have a very broad geographic range but are limited to boreal and 
subalpine forests (Frey and Malaney 2006). American pikas are sensitive to temperature 
and they are typically found on talus slopes at upper latitudes or at high elevation (Smith 
and Weston 1990).  
Rodents are the largest order of mammals with 35 families consisting of an 
assortment of ecologically and morphologically distinct species. Families found in the 
study area are Sciuridae (squirrels and chipmunks), Cricetidae (voles and mice), 
Aplodontidae (mountain beaver), and Dipodidae (jumping mice). All rodents have the 
same configuration of highly specialized teeth for gnawing, consisting of a pair of upper 
and lower incisors with a diastema followed by molars (Myers 2000). Within the study 
area we expect to capture ten rodent species: Tamiascurius douglasii (Douglas squirrels), 
Glaucomys sabrinus (Northern flying squirrel), Neotamias amoenus (yellow-pine 
chipmunk), Neotamias townsendii (Townsend’s chipmunk), Microtus longicaudus (long-
tailed vole), Myodes gapperi (red-backed vole), Peromyscus keeni (Keen’s deer mouse), 
Peromyscus maniculatus (deer mouse), Neotoma cinerea (bushy-tailed woodrat), and 
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Zapus trinotatus (Pacific jumping mouse). Douglas squirrels can be found in coniferous 
forests along the Pacific coast and do not prefer any specific microhabitats (Steele 1999). 
The charismatic Northern flying squirrels have a broad geographic range within North 
American and require mature forests with abundant hardwood snags for cavity nests 
(Wells-Gosling and Heaney 1984). The yellow-pine chipmunk can be found in western 
North American in transitional zones with abundant brush or berry patches (Sutton 1992). 
Townsend’s chipmunk is found only in western Washington and Oregon, and niche-
partitioning behavior has been observed between T. amoenus and T. townsendii (Sutton 
1993). The long-tailed vole can be found throughout the western half of the United States 
and Canada and is generally limited to coniferous forests at high elevations (Smolen and 
Keller 1987). Red-backed voles are mature-forest specialists that can be found throughout 
Canada and in the northern United States and within the Rocky Mountain Range 
(Sullivan and Sullivan 2017). The deer mouse Peromyscus maniculatus has a broad 
geographic range throughout North America and is an open-habitat generalist (Carey and 
Harrington 2001). Peromyscus keeni is less broadly distributed than P. maniculatus, 
occurring along the Pacific coast in northwestern North America in closed-canopy forests 
(Gitzen and West 2002). The bushy-tailed woodrat occupies the majority of the western 
United States and Canada and is considered an obligatory saxicolous species, living on 
rocks or talus slopes (Smith 1997). Lastly, the Pacific jumping mouse can be found along 
the western coasts of Washington, Oregon and northern California and in wetland 
ecosystems (Gannon 1988). Within the study area we have high small mammal diversity 
with over 18 expected species for our surveys.  
 11 
Objectives 
The primary objective of our study was to compare the small mammal assemblage 
within a wildlife crossing structure to adjacent restoration sites and the nearby forest. A 
second objective was to evaluate whether small mammals were more likely to be 
captured near specific habitat features (fallen logs, brush piles, rock piles, and open 
areas).  
We focused on three general questions: 1) how does small mammal species 
composition in and adjacent to the crossing structure compare to the nearby forest, 2) are 
generalist species more abundant than specialist species in the crossing structure, and 3) 
do small mammals preferentially use certain constructed habitat features in the crossing 
structure and adjacent restoration areas? The results of this study provide early post-
construction data, offer a snapshot of crossing-structure use by small mammals, and 
suggest habitat improvements for upcoming wildlife connectivity projects. 
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Abstract 
Expanding transportation corridors have fragmented ecosystems throughout the world, 
restricting the movement of organisms or acting as complete connectivity barriers. 
Wildlife crossing structures (WCS) can increase the permeability of roads, allowing 
animals to move safely between habitats. Small mammals are especially vulnerable to the 
effects of reduced connectivity because of their limited mobility; however, few studies 
have evaluated their use of WCS. This study was conducted at a WCS under I-90 near 
Snoqualmie Pass, Washington. Our objective was to evaluate the small mammal species 
composition at the wildlife undercrossing in comparison to adjacent restoration sites and 
to the nearby forest. Additionally, we sought to evaluate small mammal preference for 
installed habitat features at all sites. We used live trapping, track tubes, and wildlife 
cameras to assess number of species, relative abundance, and habitat use. Our results 
indicated fewer species, and a greater abundance of generalist species, near the crossing 
structure than in the nearby forest. Small mammals showed no preference for any 
particular habitat features (rock piles, brush piles, fallen logs, or open) within the trapping 
grids, but were more likely to be captured near any feature than in open areas. Two years 
post-construction, the WCS contained a small subset of the species in the nearby forest. 
We expect the number of small mammal species using the crossing structure to increase 
in the future as the habitat develops and creates an environment more supportive of rich 
biodiversity.   
Key Words: landscape connectivity, small mammals, wildlife crossing structures, road 
ecology, community ecology 
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Introduction 
Increasing human populations and mobility via transportation corridors have 
fractured ecosystems globally, restricting and reducing the movement of organisms. 
Traffic noise, lights, and other features of busy highways cause many species to avoid 
crossing, and connectivity is further reduced by mortalities due to wildlife-vehicle 
collisions. Long-term monitoring efforts on the impact of highways on ecological 
systems have become a priority in the past 50 years for most states’ Department of 
Transportations (DOT) (Andrews et al. 2015). Various techniques are useful to mitigate 
both the local- and landscape-scale effects of reduced connectivity caused by roads. 
These range from posting caution signs in high-risk wildlife crossing zones to 
constructing large wildlife crossing structures (WCS).  
In spring 2008, Washington State Department of Transportation (WSDOT) started 
lane-expansion and road safety construction on the Interstate-90 Snoqualmie Pass East 
Project. Despite being a mountain road in Washington’s central Cascade Range, I-90 has 
31,000 vehicles passing through Snoqualmie Pass on an average day and more than 
58,000 vehicles on a busy weekend day (Washington Department of Transportation 
2016). The main goals of this highway expansion project were to reduce traffic 
congestion and improve road safety, but the project quickly transformed into a 
collaborative conservation partnership and goals now include improving the permeability 
of the interstate for wildlife (WSDOT and U.S. DOT Federal Highway Administration 
2006). WSDOT has planned to build more than 30 wildlife crossing structures of varying 
sizes and configurations to address the effects on wildlife of increased traffic volumes, 
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wider roads, and subsequently more frequent wildlife-vehicle collisions (Wildlife 
Working Group 2008).  
Wildlife crossing structures are built to improve movement across roads between 
bisected animal populations and reduce wildlife-vehicle collisions (Drennan et al. 1998). 
The optimal location of crossing structures is determined by modeling wildlife-vehicle 
collision rates, existing wildlife migration routes, and topography (Downs and Horner 
2012). Crossing structures can range from small culverts to large overcrossings, but 
species of concern should be identified before construction to implement an effective 
structure. This is because most species have specific habitat preferences based on their 
natural histories and may avoid a structure if it does not have those features (Mata et al. 
2008; Martinig and Elanger-Smith 2016). WSDOT intentionally designed its crossing 
structures to have features that encourage use by a variety of fauna. For example, grizzly 
bears and elk prefer tall and wide structures whereas black bears prefer smaller, narrow 
structures (Clevenger and Walto 2005). Other such features for passage include native 
vegetation, natural substrates (soil, rocks, woody debris), and an open median overhead 
(D’Amico et al. 2015; Martinig and Elanger-Smith 2016). The I-90 Project Wildlife 
Monitoring Plan was developed to evaluate use of crossing structures by both high- and 
low-mobility species (Wildlife Working Group 2008; Ernest et al. 2016). 
Few studies have evaluated the use of wildlife crossing structures and the specific 
factors that determine structure success for small mammals (Gilbert et al. 1998; Glennon 
et al. 2002; Martinig and Elanger-Smith 2016).  Small mammals’ low body profile, 
limited dispersal, and small home ranges make them particularly vulnerable to mortality 
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and other effects from roads. Previous connectivity and road-effect studies on large 
mammals have analyzed genetic homogeneity to test the degree of isolation between 
populations (Ascensão et al. 2016), used animal translocation to record road avoidance 
behaviors (McDonald and St. Clair 2004), and collected mammal road-kill data to 
quantify road mortality effects (Puig et al. 2012). However, other less invasive sampling 
techniques traditionally used to monitor large mammals are less effective at accurately 
measuring small mammal populations. For example, wildlife cameras are often biased 
towards larger, slow moving mammals (Hoffman et al. 2010). Road-kill databases are 
often inaccurate because small mammals are not reported, quickly decompose, or are 
scavenged (McGreggor et al. 2008). Therefore, a comprehensive analysis of the 
effectiveness of WCS, measured as a reduction in wildlife-vehicle collisions and 
increased gene flow, must use a variety of methods for species detection (Soanes et al. 
2017; van der Grift and van der Ree 2015). This is especially important if the focal 
species of the study is a small animal because accurate population assessments may 
require using a variety of methods or modifying traditional techniques.  
As indicators of healthy ecosystems, small mammals serve many important roles, 
functioning not only as prey species, but also as dispersers of seeds and mycorrhizal 
fungal spores. For example, bushy-tailed woodrats (Neotoma cinerea) and flying 
squirrels (Glaucomys sabrinus) are the predominant prey species for the endangered 
spotted owl (Cutler & Hays 2016). Some small mammals, such as northern flying 
squirrels, show preferences for mycorrhizal fungi; loss of these dispersers can negatively 
affect the long-term function of coniferous forests, especially during recovery after a 
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disturbance (Pyare & Longland 2001). Small animals are especially vulnerable to the 
effects of habitat fragmentation and urbanization because of their small home ranges and 
limited dispersal. Small mammals are valuable contributors to the maintenance of healthy 
ecosystems, but their diversity is threatened by habitat fragmentation and rapidly 
expanding urban areas (Downs 2012).  
Small mammals are a highly specialized group. Habitat specialists can be key 
indicators for changes to the environment because they are especially sensitive to biotic 
and abiotic changes to their habitats, unlike their habitat generalist counterparts that are 
able to use a larger variety of resources (Henrik 1994). Examples of small mammal open-
forest or open-canopy generalists include deer mice (Peromyscus spp.) (Carey and 
Harrington 2001) and long-tailed voles (Microtus longicaudus) (Smolen and Keller 
1987). Examples of small mammal specialists include pikas (Ochotona princeps), which 
are rocky-habitat specialists and can only survive within very specific temperature ranges 
and elevation gradients (Smith and Weston 1990); and southern red-backed voles 
(Myodes gapperi), which are mature-forest specialists (Sullivan et al. 2009). Specialists 
may be more vulnerable than generalists to the effects of habitat fragmentation and road-
effect zones because they are less tolerant of changes in the environment (Umetsu and 
Pardini 2006). Most specialist small mammals require sufficient shrub or canopy cover 
and fallen logs for habitat, foraging, and safer movement (Gitzen and West 2001). 
Therefore, to create effective WCS for specialist small mammals, structures should 
contain sufficient cover, such as fallen logs and vegetation, to facilitate movement and 
improve connectivity (D’Amico et al. 2015).  
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The main objective of our study was to compare the composition of small 
mammal species at a wildlife undercrossing (WCS) to adjacent restoration sites and the 
nearby forest. Additionally, we sought to compare small mammal use of habitat features - 
fallen logs, brush piles, and rock piles - placed in the crossing structure and restoration 
sites with similar features naturally occurring in the nearby forest. Our study tested two 
predictions:  1) The WCS would have lower species richness than the secondary forest 
sites because some small mammal species are able to inhabit recently disturbed habitats, 
while others cannot tolerate these changes to the environment. The restoration sites 
would have intermediate species richness between the WCS and nearby forest because 
they are closer to the forest edge than the WCS; 2) Small mammals in the undercrossing 
and restoration sites would move more frequently (and therefore be more frequently 
trapped) in or near habitat features rather than in more open areas. The main outcomes of 
this study will provide early post-construction data for future assessments and will be 
used for habitat restoration improvements at future WCS in the I-90 Project and other 
connectivity projects.  
Study Area 
We studied small mammals 4 kilometers east of the Snoqualmie Pass summit and 
within the Gold Creek Valley and upper Keechelus Lake along the I-90 transportation 
corridor in Washington State (Figure 1). The vegetation within the study area in the 
Okanagan-Wenatchee National Forest consists of a mixed coniferous, mid-elevation 
forest. Dominant trees include western hemlock (Tsuga heterophylla), Douglas-fir 
(Pseudotsuga menziesii), and Western red cedar (Thuja plicata), with vine maple (Acer 
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circinatum) and alder (Alnus spp.) in the forest understory and willow (Salix spp.) and 
cottonwoods (Populus spp.) interspersed along creeks and side channels. The elevation 
on the valley floor ranges from 700 to 800 m, but the highest mountains of this section of 
the I-90 corridor rise to over 1,500 m. The patchwork nature of land ownership around 
the Okanagan-Wenatchee National Forest, Interstate 90, railroad beds, Forest Service 
roads, and reservoir dams cause the environment to be highly impacted by anthropogenic 
disturbance. 
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Figure 1.  Northeastern portion of the Snoqualmie Pass East Project area and 
study area (red box in bottom inset) located along Interstate-90 in the central 
Cascades of Washington, USA in summer 2017. The five study sites occur north 
and south of I-90 and include the Hyak wildlife crossing structure.  
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Five study sites were established within the study area (Figure 1, Table 1): one 
wildlife undercrossing (site code: WCS), two restoration grids (site codes: restoration-7 
and restoration-8), and two forest grids (site codes: forest-5 and forest-6). The Hyak 
wildlife undercrossing (WCS), the only wildlife crossing structure in this study, was 
completed in 2015 (Figure 2). The undercrossing is approximately a 35 m (wide) by 60 m 
(long) by 55 m (tall) solid concrete structure that allows wildlife to pass underneath I-90. 
It has bark mulch on the ground, with large logs dispersed throughout the structure, and 
rock piles lining the eastern and western borders.  
 
Figure 2.  The Hyak wildlife undercrossing is an entirely terrestrial crossing 
structure with native plants, a wood-mulch floor, differently sized fallen logs distributed 
throughout, and rock piles lining the western and eastern borders.  
 
The undercrossing and restoration sites were all previously cleared but replanted 
with native trees and shrubs in 2015. The northern restoration site (restoration-7) is across 
a Forest Service road from the undercrossing and is a temporary wetland in the early 
spring; it has rock piles, snags, fallen logs, and brush piles dispersed throughout (Figure 
3a). The southern restoration site (restoration-8) is directly adjacent to the southern 
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entrance of the undercrossing with its eastern border along Keechelus Lake and has rock 
piles, snags, fallen logs, and brush piles (Figure 3b). Two secondary forest sites, one 
north (forest-5) and one south (forest-6) of I-90, were selected as a baseline for expected 
small mammal species in the area.    
 
 
Figure 3.   Photos taken in early spring 2017 of the northern restoration- 7 (a) and 
southern restoration-8 (b) sites adjacent to the wildlife crossing structure. Both sites were 
planted with native vegetation and have rock piles, fallen logs, and snags installed to 
encourage animal use.  
 
Methods 
We employed a comprehensive survey of small mammals (insectivores, 
lagomorphs, and rodents) to measure species composition and microhabitat use at the 
Hyak wildlife undercrossing, surrounding restoration sites, and nearby forest (Table 1).  
a. 
 
b. 
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TABLE 1.    Location and description of study sites in the Cascade Range of Washington, 
USA, summer 2017 
Site Type 
and Code Northing 
Easting 
(10T) 
Direction 
from  
I-90 
Elev. 
(m) 
Grid 
Area 
(ha) 
Habitat Features 
Presenta 
BP FL RP S 
Forest- 5 5250031 622259 North 772 0.36 x x  x 
Forest- 6 5249167 621587 South 777 0.36 x x  x 
Restoration-7 5250185 621876 North 763 0.34 x x x x 
Restoration-8 5249992 621705 South 771 0.35 x x x x 
WCS 5250025 621795 Under 768 0.18  x x  
a BP = Brush pile, FL = Fallen log, RP = Rock pile, S = snag 
 
Live Trapping and Mark-Recapture 
At each study site, we established a 60-m x 60-m (0.36 ha) live-trapping grid 
(Figure 4). The general grid layout consisted of Sherman live traps (ntraps=49) placed at 
10-m intervals and Tomahawk live traps (ntraps=16) placed at 20-m intervals. Two pitfall 
arrays (ntraps=16) each had one central bucket and 3 peripheral buckets at the ends of 5-m 
galvanized wire drift fence radiating from the center (Figure 4). Plastic buckets (3.8 L) 
were installed in the ground with rims at ground level. One pitfall array was established 
in an upland section of the trapping grid with the other placed in a lowland (wetland) 
area.  Slight modifications to the grid layout were made to the restoration and crossing-
structure sites due to their limited sizes. The total number of traps was maintained for 
each restoration site; the crossing structure could only fit only a 4 x 7 (30-m x 60-m) grid 
with 28 Sherman traps, 8 Tomahawks, and 1 pitfall array (placed in the center of the 
grid). We flagged and marked with GPS each grid station at every grid.  
We categorized each grid station according to the habitat feature type that 
occurred within a 1-m radius of the station: rock pile, fallen log, brush pile, snag, or none 
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(“open”) habitat. The qualities of the habitat features installed at the restoration and 
crossing structure sites were used to define feature types in the forest. Rock piles were 
defined as several layers of rocks at least 3 meters high and at least 10 meters in diameter. 
Fallen logs were at least 0.5 meter in diameter, at least 3 meters long, with a minimal 
degree of decomposition. Brush piles were at least 5 meters in diameter and multilayered, 
with several branches of different sizes. Grid stations with habitat features smaller than 
the specified dimensions or without habitat features entirely were described as “open”.  
 
 
 
We trapped each grid twice over the summer field season for two consecutive 
nights from July to September 2017 for a total of 1,328 trap-nights. All grids were first 
trapped in mid-July and then again in late August. Sherman and Tomahawk traps were 
Figure 4.  Diagram of 60-m x 60-m (7 x 7) trapping grid showing three trap types 
and grid orientation.  Within the trapping grid we placed one upland and one lowland 
pitfall array. Placement of pitfall arrays varied at each grid.  
 26 
placed on the ground within a 1-meter radius of the grid station. At stations near fallen 
logs, we placed traps on top of or beside the logs. At stations near brush and rock pile, 
traps were placed on or within the pile. Sherman traps were baited with a mixture of 
peanut butter, rolled oats, and molasses. Tomahawk traps were baited with this mixture 
plus a chunk of carrot. Live mealworms, bottle caps filled with water, and toilet paper 
rolls were added to the pitfall buckets to decrease shrew mortality (Shonfield et. al. 
2013). Traps were set in the afternoon and checked in the late evening and early morning 
to increase the likelihood of capturing diurnal, crepuscular, and nocturnal species. All 
traps were closed during the day to avoid overheating animals.  
All captured animals were brought in traps to a central, shaded processing area. 
Each trapped individual was identified to species, measured (total length, tail length, and 
hind foot length), weighed, sexed, aged, PIT-tagged and temporarily marked using nail 
polish. An N165 injector needle (16 GA) was used to inject a Biomark mini HPT8 PIT 
tag subdermally behind the head, roughly between the scapulae. As part of a larger study, 
a genetic tissue sample was obtained from a cheek swab, tail clip, or ear clip. Animals 
were then released at the site of capture. Any individuals that died in the traps or during 
processing were collected as specimens and stored in a freezer. All animals were captured 
and handled in accordance with Central Washington University’s Institutional Animal 
Care and Use Committee protocols (Protocol #: A091601) and the Washington State 
Scientific Collection Permit (Permit #: Ernest 16-354). 
Track Tubes 
We based our track tubes on the designs of Drennan et al. (1998) and Wiewel et 
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al. (2007). Two sections of plastic rain gutter were secured together by duct tape to form 
a covered tube approximately 30 cm long x 12 cm high x 11 cm wide (Figure 5). Clear 
contact paper attached to the interior bottom of the tube with the sticky side up served as 
the tracking surface. Felt ink pads soaked in charcoal and mineral oil (1:3 mixture) and 
attached to both ends of the tube ensured that small mammals traveling through either 
end would leave footprints (Glennon et al. 2002).  
 
 
Track tube sampling occurred concurrently with trapping for two consecutive 
Figure 5.  Example of track tubes constructed from plastic rain gutter placed near 
habitat features at all grids. The weatherproof design protected the integrity of tracks 
and limited track collection to those animals small enough to enter the tube. 
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nights. On each grid, we placed two track tubes at each of three randomly-selected 
stations of each feature type (fallen log, brush pile, or rock pile) (ntraps=18). The forest 
grids did not have rock piles; therefore, they had fewer track tubes (ntraps=12). Track 
tubes were baited with a smear of peanut butter and rolled oats on the inside of the tube. 
After two days, the contact paper was removed and stuck onto white paper. In the lab, we 
identified tracks using reference collections and field guides. Identification to species was 
not possible for most genera, so tracks were placed into groups as follows: deer mouse 
(Peromyscus spp.), vole (Microtus longicaudus or Myodes gapperi), chipmunk 
(Neotamias spp.), Douglas squirrel (Tamiasciurus douglasii), and shrew (Sorex spp.). 
Species groups were marked as present or absent for each tube.   
Wildlife Cameras 
We installed wildlife cameras for a two-week period on each grid between July 
and October 2017. To avoid disturbance caused by researcher presence, we installed 
cameras when grids were not actively being trapped. Reconyx cameras (RapidFire, Silent 
Image, Hyperfire, and Convert IR models) were used. On each grid we placed four 
cameras per habitat feature (fallen log, brush pile, rock pile, and snag) by walking around 
the grid and finding suitable locations for both the best camera position and concealment 
from potential theft. Cameras were mounted within habitat features or set facing them 
depending on which features were present and a scent lure was not used (Glen et al. 
2013). When a camera was triggered it captured 3-5 images within a 5-second interval in 
each burst, with a 30-second delay between bursts (De Bondi et. al. 2010). Images were 
labeled with grid number, camera number, species ID, date, and time stamp. Images of 
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the same species less than one-hour apart were counted as seperate visitation events 
(Derugin et. al. 2016). Identification to species was not possible for some genera; in those 
cases, images were placed into the same groups we used for the track tubes. We 
calculated total visitation events per species group per camera for each two-week period. 
Data Summary and Statistical Analysis  
We calculated Shannon-Wiener diversity indices, Shannon’s equability, and 
species richness for each grid and each site type (undercrossing, forest, restoration sites).  
Species richness was determined for each site type by combining data from all methods 
(live trapping, track tubes, and cameras). The small number of sites precluded statistical 
analysis of species richness, but we did conduct a Hutcheson t-test to compare the 
diversity between the restoration and forest grids (Hutcheson 1970). The undercrossing 
was not included in the t-test because the sampling effort was not equivalent to the other 
grids. For other comparisons, we standardized capture data (to account for the unequal 
sampling effort between grids), by calculating number of captures per 100 trap-nights 
(number of captures multiplied by 100 divided by the number of total trap-nights) or by 
comparing proportional abundance, or number of individuals divided by the total number 
of captures at each site.  
For determining small mammal habitat preference, we analyzed live-trapping, 
track tube, and camera data separately from one another due to differences in sampling 
effort. We used live-trapping data for most of the habitat analyses because it was the only 
sampling method that could differentiate individuals and included stations without habitat 
features. 
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Since our study lacked a replicate crossing structure site, because no similar WCS 
are yet completed in the project area, we combined the data from the restoration sites and 
the crossing structure into one “constructed feature” category which was compared to 
captures at the naturally occurring features in the forest. We used a zero-inflated 
generalized linear mixed model (GLMM) to analyze habitat feature use (Zuur et al. 
2009). The data within the model was based on counts, or number of captures at each trap 
station, which fits a Poisson distribution. A zero-inflated model is very similar to a 
Poisson distribution, typically used for modeling count-valued data, but it better accounts 
for frequent zero-valued data (Li 2011).  The number of small mammals captured at each 
trapping station was tested as a function of the fixed effects of site type (restoration or 
forest), habitat feature category (fallen log, brush pile, rock pile, open), and trap type 
(Sherman, Tomhawk, pitfall) (Table 2). Trapping grid was included as a random effect. A 
chi-squared post-hoc analysis was conducted to determine significant differences in 
number of captures among habitat feature types (Bolker et al. 2008). Trapping date was 
excluded from analysis because the five-week difference between the first and second 
trapping session was not determined to influence capture likelihoods.  
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The models were fitted using the ‘lme4’ and ‘glmmTMB’ packages in R version 
3.4.2 for Windows (R Core Team 2017). Residuals of each model were reviewed to test if 
the models were appropriately meeting the assumptions of the designated test (Zuur et. al. 
2009).   
Results 
Small Mammal Captures 
We recorded 469 total captures with 162 recapture events from live trapping 
(Table 3). Most captures were deer mice (Peromyscus spp.) with 62% in the forest and 
84% in the restoration and undercrossing sites (Figure 6). The number of individuals of 
generalist species increased from the forest to restoration sites to the undercrossing, while 
the number of individuals of specialist species decreased (Table 3). The number per 100 
trap-nights of deer mice (Peromyscus maniculatus) and long-tailed voles (Microtus 
TABLE 2.       List of variables analyzed within a generalized linear mixed model.  
Parameter Description 
Site Type Disturbed: Restoration and WCS grids combined (n=3) 
Forest: forest grids (n=2) 
Site Forest grids (2 grids), restoration grids (2 grids), WCS grid (1 
grid) 
Trapping Grid Grids 5-8 
Within each grid…  
Grid Station 49 stations per trapping grid  
Habitat Category Every grid station assigned one of four habitat feature 
categories: fallen log, brush pile, rock pile, or open 
Trap Type 49 Sherman, 16 Tomahawk, 8 pitfall buckets per trapping grid 
(except WCS grid: 28 Sherman, 8 Tomahawk, and 4 pitfall 
buckets) 
Total Captures Total number of captures of all species per grid station 
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longicaudus) increased by 525% and 1450% respectively from the forest to the wildlife 
crossing structure (Figure 6). Montane shrews (Sorex monticolus) increased by 200% 
from the forest to the undercrossing. Keen’s deer mice (Peromyscus keeni) increased by 
38% from the forest to undercrossing. 
TABLE 3.      Live-trapping results. Total number of captures per 100 trap-nights 
including number of recaptures in parentheses, total number of trap-nights, and recapture 
rates. 
Species Gen./ Spec.b Forest Restoration WCS 
Sorex cinereus (Cinereus shrew) S 0.9 0.2 0 
Sorex monticolus (Montane shrew) G 0.2 0.5 (0.2) 0.6 
Sorex spp. (unidentified shrew) - 0.9 1.2 (0.2) 0.6 
Peromyscus keeni (Pacific Keen’s deer mouse) G 10.8 (4.5) 11.1 (4.1) 12.5 (3.8) 
Peromyscus maniculatus (deer mouse) G 1.9 (0.7) 4.5 (2.4) 14.4 (6.9) 
Peromyscus sp.a (deer mouse) - 12.3 (5.8) 11.1 (2.9) 11.9 (5.0) 
Microtus longicaudus (long-tailed vole) G 0.2 2.1 (0.5) 4.4 (1.3) 
Myodes gapperi (red-backed vole) S 4.1 (0.5) 0 0 
Neotamias amoenus (yellow-pine chipmunk) S 0.9 0 0 
Neotamias townsendii (Townsend’s chipmunk) S 2.4 (1.4) 0.2 0 
Glaucomys sabrinus (northern flying squirrel) S 0.7 0 0 
Tamiasciurus douglasii (Douglas squirrel) S 0.5 (0.2) 0 0 
                                                                          
Total 
 35.6 (13.0) 30.8 (10.3) 44.4 (16.9) 
Habitat Generalists  2.2 (0.7) 7.0 (3.1) 19.4 (8.1) 
Habitat Specialists  20.2 (6.5) 11.5 (4.1) 12.5 (3.8) 
Total number of trap-nights  584 584 160 
Recapture rate  36% 31% 38% 
a Individuals with tail lengths intermediate between P. keeni and P. maniculatus are not 
distinguishable to species in the field 
b Habitat specialization of each species (Naughton 2012). S = specialist, G = generalist.  
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Figure 6.  Proportional abundances of all species for each site type. The forest sites 
had the greatest species richness and the crossing structure had the lowest. The 
proportional abundance of all generalist species (patterned and within box in legend) 
increased from forest to crossing structure.   
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Eleven species in total were captured using all live traps. Sherman, Tomahawk, 
and pitfall live traps differed in capture success (χ2(2,334) = 232.76; P < 0.001). Of the 469 
total captures, 95% of captures were in Sherman traps (n=447), 4% in Tomahawks 
(n=18), and 1% in pitfall live traps (n=4). For all grids combined, Sherman traps captured 
10 species, Tomahawk traps captured 5 species, and 2 species were captured in pitfall 
traps. Most of the captures (80%; n=373) in Sherman traps were deer mice (Peromyscus 
spp.) Most of the captures in Tomahawk traps (56% respectively; n=10) were chipmunks 
(Neotamias spp.). Shrews (Sorex spp.) were the only species captured in pitfall traps 
(100%; n=4). Ten shrews (Sorex spp.) died during trapping and were preserved as whole 
animal specimens. 
Small Mammal Assemblages 
Species richness varied across the three site types. Collectively from live trapping, 
cameras, and track tubes, we captured 11 species in the forest grids, 9 in the restoration 
grids, and 4 in the crossing structure (Figure 6). Three species (Peromyscus keeni, P. 
maniculatus, and Sorex monticolus) were shared among all three site types; and four 
other species (Sorex cinereus, Microtus longicaudus, Neotamias townsendii, 
Tamiascurius douglasii, and Lepus americanus) occurred at both restoration and forest 
grids, but not the crossing structure. Habitat specialists, Myodes gapperi, Neotamias 
amoenus, and Glaucomys sabrinus, were captured exclusively in the forest.    
 The forest grids had a significantly higher diversity than the restoration grids (t 
(142) =4.39, p < 0.05). The abundance of species in the forest community were also 
distributed more evenly than in the restoration grids (Table 4).  The southern forest grid 
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(Forest – 6) was the most even and had the highest diversity. The northern restoration 
grid (Restoration – 7) had the least even community, mostly dominated by P. keeni, and 
the lowest diversity index.  
Table 4.  Small mammal community assemblages at each grid as a measure of 
species richness, evenness, and biodiversity. The forest grids are grids 5 and 6. The 
restoration grids are grids 7 and 8.  
Grid Richnessa Shannon's equitability (EH) 
Shannon-Wiener Diversity 
Index (H) 
Forest - 5 9 0.63 1.38 
Forest - 6 8 0.88 1.84 
Restoration -7 7 0.40 0.77 
WCS 4 0.60 0.84 
Restoration - 8 4 0.69 0.96 
    
All Forest 11 0.74 1.78 
All Restoration 6 0.62 1.11 
a A total of 18 species could have been captured in the study area 
Animal Movement 
Animals were observed to move between grids six times; all of these were deer 
mice. Five mice moved from the crossing structure to the southern restoration site; one 
female mouse traveled from the northern restoration site, across a Forest Service road, to 
the crossing structure (Table 5). The average distance moved between all recaptures was 
55 m. The average distance moved from the crossing structure to the southern restoration 
site was 39 m. The longest distance observed, 136 m, was from the northern restoration 
site to the crossing structure. Most mice moving between grids were male (66%) and 
adult (66%).   
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TABLE 5.      Observations of movements between mammal grids. 
Original 
Capture 
Grid 
Recapture Grid Species Sex Age Distance Traveled (m) 
Restoration - 7 WCS Peromyscus sp. F Adult 136 
WCS Restoration – 8 P. maniculatus M Adult 52 
WCS Restoration – 8 P. maniculatus M Adult 49 
WCS Restoration – 8 Peromyscus sp. M Subadult 40 
WCS Restoration – 8 P. maniculatus F Adult 27 
WCS Restoration – 8 P. keeni M Subadult 27 
 
 Cameras  
We documented 351 small mammal visitations (photo-captures of a species less 
than 1 hour apart) from a total of 838 animal photographs over 789 trap-nights. Across all 
sites, 42% were deer mice (Peromyscus spp.; n=147), 36% were voles (Microtus 
longicaudus or Myodes gapperi; n=128), 8% were chipmunks (Neotamias spp.; n=29), 
5% were Douglas squirrels (Tamiasciurus douglasii; n=18), and less than 10% were 
shrews (Sorex spp.; n=15), snowshoe hares (Lepus americanus; n=10), and northern 
flying squirrels (Glaucomys sabrinus; n=5) (Figure 8). We captured 7 species groups in 
the forest, 6 species groups in the restoration sites, and 3 species groups in the 
undercrossing. A snowshoe hare (Lepus americanus) was captured exclusively on 
wildlife camera, contributing to the overall species richness documented in the forest and 
restoration sites (Figure 7).  
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Figure 7.           A snowshoe hare (Lepus americanus) captured at the northern restoration 
site beneath a rock pile. No snowshoe hares were captured in live traps.  
 
Track Tubes 
 Small mammals left tracks in 112 out of 144 track tubes. All grids had consistent 
capture success, ranging from 75-85% of tubes having tracks. In total we documented 
116 small mammal visitations (each species in a tube counting as a visitation) from a 
total of 144 track tubes across all sites over 288 trap-nights. Most tracks were deer mice 
(Peromyscus spp.; 53%), 41% were voles (Microtus longicaudus or Myodes gapperi; 
n=47) and less than 10% were shrews (Sorex spp.; n=4), chipmunks (Neotamias spp.; 
n=2), and squirrels (Tamiasciurus douglasii; n=1) (Figure 8). No species were detected 
using track tubes that were not already accounted for by live trapping and cameras.  
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Figure 8. Comparisons of proportion of genera captured by each technique: live trapping, 
track tubes, wildlife cameras.  
 
Habitat Features 
The number of live-trap captures did not differ significantly between constructed 
and natural feature types (χ2 (1, 334) = 1.18; P = 0.277) (Figure 9). Small mammals 
collectively showed no preference among habitat features (fallen logs, brush piles, rock 
piles, and open areas) within all trapping grids (χ2 (3, 334) = 1.42; P = 0.15) (Figure 9). 
However, stations with habitat features had significantly greater capture rates than 
stations without habitat features (χ2 (1, 334) = 4.41; P= 0.035) (Figure 10). When camera 
and track tube habitat data were combined with live-trapping data, the results continued 
to support no difference in captures among disturbed and forest sites (χ21,393= 0.285; P = 
0.593) and no significant preference for habitat features (χ2(3, 393) = 0.105; P= 0.949).  
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Natural Habitat Features Constructed Habitat Features 
  
Figure 9.  Histograms of number of small mammals captured at each grid station 
between the different habitat feature types (open, fallen log, brush pile, or rock pile) and 
between naturally occurring versus constructed habitat features. Red dashed lines indicate 
mean number of captures for each habitat feature type.  
x̅ = 1.8 
 
x̅ = 1.5 
 
x̅ = 1.2 
 
x̅ = 1.9 
 
x̅ = 1.8 
 
x̅ = 1.5 
 
x̅ = 1.0 
 
 40 
Natural Habitat Features Constructed Habitat Features 
 
Figure 10.   Histograms of number of small mammals captured at each grid station 
when habitat features were present or absent and between those naturally occurring or 
constructed. Red dashed lines indicate mean number of captures for each habitat feature 
type. Small mammals were more likely to be captured when habitat features were present 
than absent, but there was no difference in habitat feature use between naturally occurring 
or constructed features.  
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DISCUSSION 
The main objective of this study was to compare the small mammal species 
composition at a wildlife undercrossing to the nearby forest and evaluate differences in 
species richness and relative abundances. Our data supported the prediction that the 
crossing structure would have a lower species richness than both the adjacent restoration 
sites and the nearby forest, with the restoration sites having an intermediate species 
richness. In addition to being exposed to the noise, lights, and pollution caused by the 
interstate, the crossing structure was less than two years old at the time of this study and 
was in the early stages of habitat recovery with underdeveloped vegetation. This lack of 
habitat complexity that many specialist species require likely contributed to the lower 
species richness and diversity observed. Additionally, the overall environment within and 
around the structure still requires time to be discovered and occupied by small animals.  
Unlike large mammals that are just passing through the structure, small mammals are 
more likely to occupy and live in the newly established habitat created by the post-
construction restoration because of their small home ranges and limited mobility.  
Succession models and life history traits should be the most predictive for 
determining present and future community composition of the structure (Young et al. 
2001). Within the scope of this study, the higher abundance of early-successional, 
habitat-generalist species (deer mice and long-tailed voles) within the crossing structure 
and restoration sites is consistent with a population in recovery after a disturbance event 
(Sullivan et al. 2017).  Despite a diverse assemblage of species in the nearby forest and 
some observed movement in and out of the structure, the crossing structure seemed to be 
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a relatively challenging environment for most small mammals to successfully occupy at 
the time of the study.  
The species composition of the small mammal assemblage varied among the 
study sites. The crossing structure favored habitat generalists. Habitat degradation, such 
as clear-cutting and agriculture, alters the composition of small mammal communities, 
favoring open-habitat species such as long-tailed voles and deer mice (Zwolak 2009; 
Panzacchi et al. 2010). These species are able to thrive in early successional-
environments similar to the recently restored and crossing structure sites in our study. 
The forest, in contrast, supported a more even, diverse assemblage of species mostly 
consisting of closed-canopy, or mature forest, specialists. The size of an intact forest 
ecosystem is often positively correlated with complex habitat heterogeneity and 
community biodiversity (Schlinkert et al. 2016). The forest grids in our study were 
reflective of a complex habitat able to support a broad assemblage of specialist species. 
However, the edge effects at disturbed habitats such as roadsides or edges of clear-cut 
forests result in higher abundance of some small mammals (Pardini 2004). A tolerance to 
disturbance can increase an individual’s fitness if they can occupy the degraded or altered 
habitat when many other species cannot. This was observed in our study with those 
generalist species whose relative abundance dramatically increased from the forest to the 
restoration and crossing structure sites.  
Generalist species would be synonymous with early successional species in the 
restoration and crossing structure sites. We evaluated the differences in proportional 
abundances between the four generalist species: deer mice (Peromyscus keeni and P. 
 43 
maniculatus), long-tailed voles (M. longicaudus), and montane shrews (Sorex 
monticolus). Each of these species increased in proportional abundance from the forest to 
the WCS. Some studies have defined P. keeni as a closed-canopy specialist (Gitzen and 
West 2002; Wilk et al. 2010). However, little is known about the ecology of this 
particular species of deer mouse, which was formerly considered a sub-species of P. 
maniculatus until recently. We considered P. keeni a habitat generalist because it occurs 
in a variety of habitats despite its narrower geographic range (Naughton 2012).   
Few studies have evaluated niche partitioning or competitive exclusion between 
deer mice and other generalists that could potentially explain our findings, but many 
studies have explored the effects of competition and anthropogenic disturbance among 
voles and deer mice. Peromyscus tend to respond to forest thinning or anthropogenic 
degradation of the environment with either an increase in abundance or no change (Kelt 
et al. 2013). Other studies found Peromyscus to be relatively indifferent to road 
disturbance, or the road-effect zone (D’Amico et al. 2015). Microtus longicaudus in the 
Rocky Mountains was excluded from grassy meadows by another vole species and 
occupied only the resource-limited ecotonal areas and forest edges (Anich and Hadly 
2013). In open habitats, both positive and negative interactions have been shown between 
deer mice and voles (Sullivan et al. 2004; Redfield et al. 1977). At our sites, M. 
longicaudus may be out-competed by P. keeni and other specialist small mammal species 
in the forest, but it may be able to take advantage of the less suitable habitat near the 
interstate and thrive.  
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Our results showed no difference in small mammal use within sites nor between 
natural and constructed habitat features. The only significant preference observed was the 
increased likelihood of captures when traps were located on or near habitat features 
(fallen logs, brush piles, rock piles) rather than in an open or featureless area. This lack of 
specific feature preference may be linked to the high abundance of generalist species 
found in our surveys because deer mice and voles are able to thrive in such a broad 
variety of environmental conditions and habitat types. Although we did not find specific 
microhabitat use, other studies have found Peromyscus spp. are more likely to travel 
along logs and branches than on open ground (Graves 1988). Movement across open 
areas may be too risky; therefore, the protection offered by any habitat feature may be 
sufficient. Infrared cameras placed by WSDOT have recorded evidence of small mammal 
predators, such as coyotes, using the undercrossing. As these restoration sites mature and 
the density of vegetation increases, we may begin to see habitat feature preference as 
observed in other studies.  
Small sample size of specialists prevented us from analyzing habitat use by 
species. Potentially, if we had a higher sample sizes we would have found different 
results for use of habitat and the crossing structure. In other studies, a general survey 
method did not detect a difference in small mammal crossing structure use, while the 
species-specific survey showed the habitat generalists were the only species using the 
WCS and habitat specialists remained near the roadside (D’Amico et al. 2015). However, 
a general approach can be more efficient at elucidating preference patterns because it 
eliminates the need for complex multivariate statistical analysis required when evaluating 
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species-specific trends (Delciellos et al. 2016). This may be especially true if the 
composition of captured species is largely dominated by a couple of species, as in the 
case with our study, where the sample size of the remaining species is too small to 
observe clear species-specific trends. Ultimately a combination of methods that can 
estimate abundance with and without species identification may be the most effective at 
developing accurate predictions about crossing structure use and habitat preference.  
The variety of methods employed for this study allowed us to increase the total 
number of captures without expanding our live-trapping efforts. Camera traps were very 
useful at capturing difficult-to-trap species such as Northern flying squirrels, Douglas 
squirrels, and snowshoe hares. The limited ability to distinguish individuals was the 
major drawback to using camera traps because it becomes much more challenging to 
estimate population abundances. Track tubes were not effective at detecting rare species 
and required more time to install and analyze than expected. Previous track tube studies 
estimated the abundance of only a single species, which allows for researchers to learn 
and identify tracks in a more efficient manner (Wilkinson et al. 2012). Track tubes could 
be potentially valuable because, like cameras, they require less time and energy than live-
trapping, but they do not match the precision of mark-capture-recapture within the scope 
of this study (Wiewel et al. 2007).  
 A major drawback to the design of our study was that we were able to evaluate 
the small mammal use of only one crossing structure while the other site types were in 
duplicate. The lower sampling effort in the undercrossing may account for the lower 
species richness we observed, but a species accumulation curve did reach an asymptote, 
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indicative of sufficient sampling (Appendix A). Additionally, the high abundance of deer 
mice caught in Sherman live traps may have biased the survey by physically limiting 
other species from being caught in the same traps. The proportion of species captured 
with camera traps showed a lower abundance of deer mice, while capturing a greater 
variety of species. This may indicate the assemblage has a more even composition than 
estimated by live trapping.  
Our study was the first to compare small mammal species composition at a 
wildlife undercrossing along Interstate-90 in Washington State’s Cascade Range. 
Surveying two years post-construction allowed some time for small mammals to discover 
and disperse into the crossing structure and nearby restoration sites, which was evident in 
the high abundance of small mammals captured at these sites. Two years post-
construction, this crossing structure contained only a subset of the small mammals living 
within and around the interstate. However, we expect the abundance and richness of 
small mammals to increase in the future as the planted vegetation grows, improving the 
complexity of the habitat. Small mammals were more abundant in habitat features than in 
open areas. These results suggest WSDOT should continue to include habitat features in 
future crossing structures. Unlike large mammals that are using crossing structures to 
move across the landscape, small mammals are also living in these newly created 
habitats. Therefore, the quality of these microhabitat is important to ensure these 
connectivity mitigation structures are effective at improving the permeability of the 
interstate to small mammals.  
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CHAPTER IV 
 
CONCLUSION 
 
We combined live-trapping, track tubes, and wildlife cameras to compare the 
small mammal species composition between a wildlife crossing structure, two adjacent 
restoration sites, and two nearby forest sites. The results of our study showed the crossing 
structure having the lowest species richness, the restoration sites having intermediate 
richness, and the forest having the highest richness. This trend reflects the high degree of 
anthropogenic disturbance near I-90, which appears to limit the number of species that 
are able to tolerate these conditions and occupy habitats along the interstate. The crossing 
structure and restoration sites had a higher proportion of generalist species than the forest 
sites, which exhibited a higher proportion of specialist species. 
Our second objective was to observe small mammal use of fallen logs, rock piles, 
brush piles, and open areas. Our results did not yield any clear preference for a specific 
type of habitat feature, but did show higher capture rates near habitat features than in 
open areas.  
We found wildlife cameras to be the most effective technique for capturing 
certain species, such as Douglas squirrels and Northern flying squirrels, but live-trapping 
was the most reliable at estimating abundances and diversity indices because we could 
differentiate individuals. Track tubes captured the fewest species and were the least 
reliable for estimating relative abundance. Our study used both species-specific and 
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general survey methods; the effectiveness of each sampling method depends on project 
objectives. 
This was the first wildlife study to be conducted at the Hyak wildlife 
undercrossing and provides a clear snapshot of the small mammals living within and 
around the interstate at this point in time. Two years post-construction, this crossing 
structure contains only a small subset of the expected number of native species living in 
the nearby forest. However, we expect the number of small mammal species using the 
crossing structure and restoration areas to increase in the future as the planted vegetation 
grows, improving the complexity of the habitat. Our recommendation to WSDOT and 
other upcoming WUC planned for the I-90 project is to continue the installation of habitat 
features and limit the amount of open space to encourage use by small mammals.  
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APPENDIXES 
Appendix A – Species accumulation curves for each trapping grid 
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Figure 11.  Species accumulation curves found for each trapping grid. Each grid was trapped for 
two sessions, one at the start and another at the end of the season.  
Grid 5 Grid 6 
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Appendix B – Habitat Features  
 
Each trapping grid had a unique distribution of habitat features (Table 5) and those can be 
broken down to naturally occurring versus constructed features (Table 6).  
 
 
TABLE 6.  Number of each habitat feature category at each station for per trapping 
grid. Feature present is the combination of fallen logs, brush piles, and rock piles. Feature 
absent occurred at grid stations without a habitat feature.  
  Number of stations with… 
Grid Grid Type Fallen Logs 
Brush 
Piles 
Rock 
Piles 
Feature 
Absent 
Feature 
Present 
5 Forest 22 9 0 34 31 
6 Forest 24 8 0 33 32 
7 Restoration 8 6 5 46 19 
7.5 WCS 11 0 13 12 24 
8 Restoration 12 5 10 38 27 
 
 
TABLE 7.  Number of each habitat feature category at each station for naturally 
occurring versus constructed habitat features. Feature present is the combination of fallen 
logs, brush piles, and rock piles. Feature absent occurred at grid stations without a habitat 
feature.  
 Number of stations with… 
Feature Type Fallen Logs 
Brush 
Piles 
Rock 
Piles 
Feature 
Absent 
Features 
Present 
Natural 46 17 0 67 63 
Constructed 31 11 28 96 70 
 
 
